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Abstract  
Seasonal generations of short-lived organisms often differ in their morphological, 27 
behavioural and life history traits, including body size. These differences may be either 
due to immediate effects of seasonally variable environment on organisms (responsive 
plasticity) or rely on presumably adaptive responses of organisms to cues signalizing 30 
forthcoming seasonal changes (anticipatory plasticity). When directly developing 
individuals of insects are larger than their overwintering conspecifics, the between-
generation differences are typically ascribed to responsive plasticity in larval growth. We 33 
tested this hypothesis using the papilionid butterly Iphiclides podalirius as a model 
species. In laboratory experiments, we demonstrated that seasonal differences in food 
quality could not explain the observed size difference. Similarly, the size differences are 36 
not likely to be explained by the immediate effects of ambient temperature and 
photoperiod on larval growth. The qualitative pattern of natural size differences between 
the directly developing and diapausing butterflies could be reproduced in the laboratory 39 
as a response to photoperiod, indicating anticipatory character of the response. Directly 
developing and diapausing individuals followed an identical growth trajectory until the 
end of the last larval instar, with size differences appearing just a few days before 42 
pupation. Taken together, various lines of evidence suggest that between-generation size 
differences in I. podalirius are not caused by immediate effects of environmental factors 
on larval growth. Instead, these differences rather represent anticipatory plasticity and are 45 
thus likely to have an adaptive explanation. It remains currently unclear, whether the 
seasonal differences in adult size per se are adaptive, or if they constitute co-product of 
processes related to the diapause. Our study shows that it may be feasible to distinguish 48 
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between different types of plasticity on the basis of empirical data even if fitness cannot 
be directly measured, and contributes to the emerging view about the predominantly 
adaptive nature of seasonal polyphenisms in insects. 51 
 
Introduction 
Seasonal generations of multivoltine species (i.e. the species with more than one 54 
generation per year) often differ considerably in their morphology, behaviour and life 
history. This type of phenotypic plasticity, called seasonal polyphenism, is common 
among short-lived organisms like insects and other arthropods, and is particularly well 57 
documented in butterflies and moths (reviewed in Shapiro 1976; Tauber et al. 1986; 
Brakefield 1996; Brakefield and Frankino 2009). For example, different seasonal 
generations of lepidopterans may differ in morphometrics (Kimura and Masaki 1977; 60 
Greene 1989; Brakefield and Larsen 1984; Fric and Konvička 2002; Van Dyck and 
Wiklund 2002), colour and patterning (Shapiro 1976; Jones 1992; Windig et al.1994; 
Hazel et al. 1998; Hazel 2002), body size (references below), growth rate and duration of 63 
the larval period (e.g. Wiklund et al. 1991), longevity (Karlsson and Wickman 1989; 
Brakefield and Frankino 2009) and reproductive traits (Karlsson and Johansson 2008; 
Larsdotter Mellström et al. 2010). 66 
Phenotypic plasticity is a diverse and complex phenomenon (Pigliucci 2001; 
West-Eberhard 2003, Whitman and Agrawal 2009). While attempts to classify different 
responses of the phenotype to the environment have definitely contributed to our 69 
understanding, they have also spawned diverse and somewhat inconsistent terminology 
(Canfield and Greene 2009). One of the proposed classifications discriminates between 
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responsive and anticipatory plasticity (Whitman and Agrawal 2009). Following this 72 
framework, responsive plasticity (also termed direct plasticity, West-Eberhard 2003) is 
the result of immediate effects of environmental factors on the organisms. In particular, 
the impact of nutrition (food quality and quantity) and temperature on life history traits 75 
(e.g. Scriber and Slansky 1981; Teder and Tammaru 2005; Kingsolver and Huey 2008) 
often serve as examples of responsive plasticity. In contrast, in the case of anticipatory 
plasticity (or cued plasticity sensu West-Eberhard 2003) phenotypic changes are induced 78 
in response to cues which signalize future environmental conditions prior to the actual 
onset of these conditions. Photoperiod is probably the most widely used cue for seasonal 
changes, inducing anticipatory responses in various organisms (Nelson et al. 2010). 81 
Responsive plasticity needs not to be adaptive (i.e. selected and/ or maintained by natural 
selection) and, indeed, has been sometimes seen as being based on ecological or 
environmental constraints which prevent an organism from attaining the optimal 84 
phenotype under certain environmental conditions (e.g. Blanckenhorn 2009; Borges et al. 
2011; Rehan et al. 2011). In contrast, anticipatory plasticity is usually thought to be 
adaptive. Even if adaptivity cannot perhaps always be uncritically assumed a priori 87 
(Gotthard & Nylin 1995; Pigliucci 2001; Blanckenhorn 2009), the anticipatory character 
of a plastic response still provides strong circumstantial evidence of its adaptive basis 
(Whitman & Agrawal 2009).  90 
Seasonal polyphenisms can typically be classified as anticipatory plasticity, and, 
indeed, are generally assumed to be adaptive responses to seasonally differing selection 
pressures (Shapiro 1976; Nijhout 1999, 2003; Brakefield and Frankino 2009). In some 93 
cases (e.g. colour polyphenisms in lepidopterans), the adaptive nature of such 
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polyphenisms has explicitly been shown (Kingsolver and Huey 1998; Hazel et al. 1998; 
Brakefield and Frankino 2009). However, one should not forget that seasonal changes in 96 
organismal traits can also result from responsive plasticity as factors typically causing 
such changes also frequently show clear patterns of seasonal variation. Moreover, as 
seasonal polyphenisms usually are multitrait responses, it may well be the case that some 99 
traits show anticipatory plasticity while differences in others may be a result of 
responsive plasticity to environmental conditions. Nevertheless, attempts to explicitly 
confront these different explanations have remained scarce (but see Teder et al. 2010) 102 
which is unfortunate given the high potential of seasonal polyphenisms for studies on 
phenotypic plasticity in general. Indeed, the predictability of seasonally varying selective 
pressures, many of which are relatively straightforward to understand (Tauber et al. 1986) 105 
and even quantify (e.g. Rodrigues and Moreira 2004, Van Asch and Visser 2007, 
Remmel et al. 2009) provides an opportunity to analyse the limits to adaptive plastic 
changes, and the degree to which organisms can evolve to cope with detrimental changes 108 
in their environments.  
For body size, regular differences between successive generations are reported for 
various insects, with different species often showing contrasting patterns (Shapiro 1976). 111 
For example, in some Lepidoptera the larvae developing early in the season produce 
larger adults than do late-season larvae (Blau 1981; Tanaka and Tsubaki 1984; Fric and 
Konvička 2002; Rodrigues and Moreira 2004; current study). By contrast, in some other 114 
species, the generation with late-season larvae is the one which attains larger size 
(Karlsson and Wickman 1989; Fischer and Fiedler 2001; Liu et al. 2007; Wang et al. 
2007; Teder et al. 2010). Several explanations have been proposed to account for these 117 
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patterns (reviewed in Teder et al. 2010). In particular, higher predation pressure in spring 
(Remmel et al. 2009; Teder et al. 2010), higher overwintering survival of larger 
individuals (Teder et al. 2010) and higher time stress in the directly developing 120 
generation (Larsdotter Mellström et al. 2010) have been proposed as the main selective 
factors to explain size differences between successive generations. However, all these 
adaptive explanations are applicable only for the case when the late-season larvae grow 123 
larger than the early-season larvae. 
By contrast, in cases where the insects developing early in the season grow larger, 
size differences between generations have been typically ascribed to responsive plasticity, 126 
i.e. the immediate effects of environmental factors. Indeed, host plant quality (Scriber and 
Slansky 1981; Schroeder 1986; Van Asch and Visser 2007, Nealis 2012) and sometimes 
also quantity (Ohgushi 1996; Rodrigues and Moreira 2004) have been shown to decline 129 
towards the end of the season. Individuals with their larval period in spring are therefore 
expected to achieve larger adult sizes for this reason alone (Hahn and Denlinger 2007; 
Teder et al. 2010). Nevertheless, we are not aware of any studies explicitly exploring the 132 
effect of food quality as a mediator of between-generation size differences. Likewise, 
another candidate for the responsive basis of the between-generation size differences 
relates to the tendency of ectotherms to grow slower but to mature at larger size when 135 
exposed to lower temperatures during the juvenile period (Atkinson 1994; Angiletta and 
Dunham 2003; Arendt 2011). The generation experiencing lower temperatures during the 
larval life could thus attain a larger adult size also in response to temperature. 138 
Here we aim at distinguishing between responsive and anticipatory plasticity as 
the basis for seasonal differences of growth schedules, using the multivoltine papilionid 
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butterfly Iphiclides podalirius as a model species. In this species, early-season larvae of 141 
the directly developing generation achieve larger size than late-season larvae of the 
diapausing generation. First, we use a multiannual dataset on wild-caught individuals to 
quantify the size-differences between generations in the field. Second, by rearing larvae 144 
in controlled conditions at different times of the season, we investigate the role of 
phenological stage of the host plant leaves (as a proxy of food quality) as a potential 
determinant of between-generation size differences. Third, by applying different 147 
photoperiodic treatments to induce different developmental pathways simultaneously, we 
study if the size difference is causally linked to the developmental pathway (i.e., direct vs 
diapause development) per se. Moreover, a detailed comparison of larval growth 150 
schedules in the two developmental pathways tells us when and how the size differences 
appear in the course of larval development. This provides further useful information, and 
offers a novel way for evaluating the responsive vs anticipatory basis of the between-153 
generation size differences.  
 
Material and Methods 156 
Study species 
The scarce swallowtail, Iphiclides podarius L., is a papilionid butterfly with a wide 
Palaearctic distribution, occurring in Southern and Central Europe as well as in North 159 
Africa and in temperate Asia (Tolman and Lewington 2008). The larvae are oligophagous 
feeding on shrubs and trees of the Rosaceae family, especially on several species of the 
genus Prunus (Stefanescu et al. 2006; Tolman and Lewington 2008). The pupa is the 162 
overwintering stage. Depending on the geographic location, this species may have one, 
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two or three generations per year (Tolman and Lewington 2008). In Catalonia (North-
East Spain), the area of origin of the individuals used in this study, I. podalirius is 165 
bivoltine with a partial third generation (Stefanescu et al. 2003; Stefanescu 2004; Table 
1). Hereafter these generations are referred to as the diapausing generation (larvae in late 
summer/ autumn, overwintering pupae, flight period in spring), the 1st directly developing 168 
generation (larvae in late spring, no pupal diapause, flight period in early summer) and 
the 2nd directly developing generation (larvae in early summer, no pupal diapause, flight 
period in late summer; Table 1).  171 
The scarce swallowtail exhibits seasonal polyphenism in various traits 
(summarised in Table 1). In addition, the directly developing generation (known also as I. 
podalirius f. lateri Austat, 1879) is more abundant than the overwintering generation (f. 174 
miegii Thierry-Mieg, 1889), the pattern being probably related to the high pupal mortality 
during the winter diapause (Stefanescu 2004). 
 177 
Size differences in natural populations  
To quantify between-generation size differences in natural populations, 437 adult 
butterflies representing all three generations were caught in the field in Catalonia over 4 180 
years (1998-2001) and their forewing length was measured. In the analyses, the years 
were pooled as there were no significant inter-annual differences (Table 2).  
 183 
Food quality experiment 
To investigate the effect of phenological changes in host plant quality on body size, 
larvae of I. podalirius were reared from hatching to pupation at different times of the year 186 
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(2008). In particular, “spring trial”, “summer trial” and “autumn trial” were set up so that 
their timing corresponded to the natural larval periods of the three generations in 
Catalonia (Table 1). As the quality of tree leaves for lepidopteran herbivores has been 189 
reported to decline with progressing season (including Prunus species, e.g. Schroeder 
1986), host quality was assumed to co-vary with calendar date. Larvae were reared on 
their most common host plant (Prunus spinosa) under controlled conditions at 24ºC, with 192 
a photoperiod of 16-h light, 8-h dark (long day conditions) leading to direct development. 
In all trials, part of the larvae (50%, 40% and 90% in spring, summer and autumn trials, 
respectively) originated from eggs laid by wild-caught females (a single female in each 195 
trial) while the other part hatched from eggs collected in the field.  
In all three trials, the larvae were provided leaves from the same three tree 
individuals. Larvae were kept in Petri dishes (until the last instar, when they were 198 
transferred to larger plastic vials) with food being replaced every day. To avoid any 
position bias, the position of Petri dishes and plastic vials was regularly changed inside 
the rearing chambers. Larvae were checked daily for moulting, and durations of larval 201 
instars were recorded. Pupation date was recorded and pupal weight was determined on 
the second day after pupation. The insects were sexed as adults.  
The experiment was repeated in spring and summer 2009. However, larval 204 
mortality was extremely high (close to 90%) in the summer trial so that weight data from 
this trial could not be considered in further analyses. 
 207 
Larval growth experiment 
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To compare growth curves of the directly developing and diapausing generations, these 
two developmental pathways were induced simultaneously in the laboratory by applying 210 
two photoperiodic treatments. In particular, the “long day treatment” (18-h light, 6-h 
dark) induced directly developing individuals and the “short day treatment” (12-h light, 
12-h dark) gave rise to diapausing individuals. The experiment was performed at the 213 
University of Tartu in 2008 and 2009. Larvae hatching on the same day were equally 
divided between the two photoperiodic treatments and were reared in groups during their 
first instar. Right before moulting to their second instar, the larvae were transferred 216 
individually to 100 ml plastic vials. The vials were kept on trays in two environmental 
chambers at 22ºC. All larvae were checked daily and weighed immediately before 
moulting and on the 2nd and 3rd day of each instar. Pupal weight was determined on the 219 
third day after pupation. Diapausing pupae were left to overwinter in environmental 
chambers at 5ºC for approximately 8 months. Before the emergence of the adults, pupae 
were transferred to larger plastic boxes to allow the butterflies to spread their wings. 222 
Adult weight was determined on the second day after emergence, and forewing length 
was measured (because of the problems with expanding wings in 2008, only the forewing 
data from 2009 could be used in the analyses). 225 
In the experiment performed in 2008, we used individuals originating from wild-
collected eggs and the progeny of three adult females collected in Catalonia. The larvae 
hatched at the end of May or in June and were divided between the two photoperiodic 228 
treatments, equally with respect to brood and hatching date. Within the environmental 
chambers (photoperiodic treatments), the position of the vials on the trays was 
randomized. Larvae were fed with leaves of five closely growing Prunus domestica trees 231 
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in a randomised order. Leaves were renewed every other day. In the experiment 
performed in 2009 the larvae originated from the eggs laid by 10 artificially paired 
females (for the artificial pairing technique see Wiklund 1971). Mated females were kept 234 
in 0.8 × 0.8 × 0.5 m cages with branches of food plants and a nectar source in the centre 
of the cage. Such a design (all adults in the same cage) enabled us to obtain considerably 
more eggs than were available in 2008 at the cost of losing the information on the brood 237 
of each larva to be reared. 
 The experimental protocol of 2009 largely followed the protocol of 2008, with a 
few changes. Most importantly, last (5th) instar larvae were weighed daily (24 h intervals) 240 
to record more details of their growth dynamics. In addition, some methodological 
changes were introduced. Namely, Prunus cerasifera was used as the host plant instead 
of P. domestica; the photoperiodic treatments (and respective larvae) were rotated 243 
between the two rearing chambers every five days; larvae were transferred to 500 ml 
plastic boxes after they started to lose weight, and pupae were transferred to 1000 ml 
(instead of 500 ml used in 2008) boxes before their emergence. 246 
 
Data analysis 
For forewing length comparisons, a linear model (LM) was fitted with Tukey-Kramer 249 
post hoc multiple comparison adjustment for pairwise comparisons. Linear mixed model 
(LMM) with brood nested within trial as a random factor (SAS, PROC MIXED; Littell et 
al., 2006) was applied when analysing the data from the food quality experiment. 252 
However, as the estimation of degrees of freedom in mixed models with random effects is 
problematic (Bolker et al. 2009), a Bayesian testing procedure available in the 
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MCMCglmm package for R software (Hadfield 2010) was used in parallel. To compare 255 
the sizes and growth trajectories of the directly developing and diapausing generations, 
linear models were used. However, for the positive growth phase (from moulting to the 
attaining of the maximal body weight) of the final instar of 2009 experiment, a more 258 
detailed analysis was performed by using a non-linear mixed model (R software, nlme 
package; Pinheiro et al. 2012). In this analysis weight was modelled using a three-
parameter logistic function with brood as a random factor and sex, photoperiodic 261 
treatment and their interaction as fixed covariates. All analyses were performed with 
untransformed data as the assumptions of parametric tests were not violated. Unless there 
were qualitative differences between the sexes, we present analyses of the data with sexes 264 
pooled. Growth rates were calculated as (weight at the end of the period1/3 – weight at the 
beginning of the period1/3)/duration of the period (Esperk and Tammaru 2004; Tammaru 
and Esperk 2007). Calculations were performed separately for the 2nd day of the instar 267 
and for the positive growth phase of the instar. Years were pooled in the analyses when 
the particular experiment was repeated in different years and year*independent variable 
interaction was not significant.  270 
 
Results 
Adult size (forewing length) 273 
In both wild-caught and laboratory-reared individuals, forewings of directly developing 
generations were longer than in the diapausing generation (Tables 2 and 3; Fig. 1). 
However, there were no significant size differences between the 1st and 2nd generation 276 
directly developing individuals (Fig. 1). The effect of the year on forewing length was not 
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significant in the wild-caught sample (Table 2). Wild-caught individuals were notably 
larger than those reared in laboratory (Table 3; Fig. 1). The interaction term between 279 
generation and origin was significant in the sexes-pooled model (Table 3), indicating 
higher between-generation size differences in the field than in the rearing experiment.  
 282 
Food quality experiment 
The two methods used to analyze the data of food quality experiment (LMM and 
Bayesian testing procedure, see Methods) produced both qualitatively and quantitatively 285 
similar results. In particular, timing of the experiment (phenological stage of the host 
plant) had a significant influence on pupal weight in the sexes-pooled model (LMM: F2,47 
= 3.3, P = 0.047; MCMC model: P = 0.009, ΔDIC = 4.2) and separately in females 288 
(LMM: F2,24 = 3.5, P = 0.045; MCMC model: P = 0.023, ΔDIC = 2.9), while the 
relationship was not significant in males (LMM: F2,23 = 1.8, P = 0.19; MCMC model: P = 
0.18, ΔDIC = 1.6). However, after Tukey–Kramer post-hoc multiple comparison tests, 291 
only the difference between spring trial females and summer trial females retained 
significance (Fig. 2). Larval development time was significantly shorter (20%, on 
average) in the spring trial than in the summer and autumn trials (LMM: F2,43 = 26.5, P < 294 
0.001; MCMC model: P < 0.001, ΔDIC = 14.8; Fig. 2). In both years larval mortality was 
lower in the spring than in the summer/autumn trials (8% and 34%, respectively for 2008 
and 70% and 87% for 2009). 297 
  
Larval growth experiment: final size and larval development time 
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In both years, all individuals in the long day treatment developed directly while the short 300 
day treatment always induced diapause. Long day treatment individuals attained 
significantly higher (5-10%) pupal weights than those reared under the short day 
treatment (Table 4; Figs 3 and 4). The differences between the photoperiodic treatments 303 
were even larger for adult weight (only data for the 2009 experiment were available): in 
both sexes long day treatment individuals were approximately 20% heavier (LM with sex 
in the model: F1,104 = 41.2, P < 0.001) than those reared under the short day conditions. 306 
Consistently, weight loss during the pupal stage (pupal weight/adult weight) was 
significantly higher for short day treatment individuals (F1,104 = 25.3, P < 0.001). Pupal 
weight was highly correlated with adult weight (linear regression with sex in the model, 309 
R2 = 82%, P < 0.001, n = 107) and with adult forewing length (R2 = 75%, P <0.001, n = 
99). There were no significant differences in the larval development time between the 
photoperiodic treatments (LM with sex and year in the model: F1,203 = 0.7, P = 0.4).  312 
 
Larval growth experiment: younger instars 
No differences in size between long and short day treatment larvae were noted by the end 315 
of the 4th (penultimate) instar (Fig. 3). Curiously, male larvae developing under short day 
conditions were even significantly larger than long day treatment males at the beginning 
of 4th instar (Fig. 3a). Neither were there any significant differences between 318 
photoperiodic treatments in the total duration of the four youngest instars (LM with sex 
and year in the model: F1,203 = 0.04, P = 0.8). Consistently, durations of particular instars 
did not differ between photoperiodic treatments for instars 1 to 3 (Fig. 3). However, 4th 321 
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instar was significantly longer (though just 7%) in the long day treatment (F1,204 = 12.35, 
P = 0.005; Fig. 3). 
  324 
Larval growth experiment: last instar 
Not only were the larvae of equal sizes at the beginning of their 5th instar, but the 
difference between photoperiodic treatments did not appear until the very last days of the 327 
final instar (Table 4; Fig. 4). In particular, long day treatment larvae were first recorded 
to be heavier than the individuals in the short day treatment only after the latter had 
started to lose weight by the end of the last instar (i.e. after the beginning of the negative 330 
growth phase, Table 4; Fig. 4). Moreover, a more detailed comparison of positive growth 
phases of the last instar (a non-linear mixed model with a three-parameter logistic 
function, see Methods) indicated no significant differences in growth between the two 333 
photoperiodic treatments during that period (F3,1110 = 0.6, P = 0.6).  
  Short day treatment larvae had significantly longer 5th instars than larvae from 
the long day treatment in the years-pooled dataset in 2008, but not in the 2009 experiment 336 
(Table 4). Inconsistencies between the years were also indicated by a significant 
year*treatment interaction term. The difference in the duration of the positive growth 
phase of the last instar was not significant between photoperiodic treatments. However, 339 
the negative growth phase (from the attaining of maximal body weight to pupation) was 
significantly (15%) longer in short than in long day treatment larvae (Table 4). Growth 
rates did not differ between the photoperiodic treatments either when calculated over the 342 
positive growth phase of the instar or when instantaneous growth rates of the second day 
of the instar were compared (Table 4). 
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Discussion 345 
Our field data on forewing lengths of the wild-caught I. podalirius individuals confirmed 
that adult sizes of the directly developing individuals are indeed consistently larger than 
in the diapausing ones (Fig. 1; Table 2). The simplest explanation of this pattern could be 348 
based on responsive plasticity, i.e. immediate effects of seasonally varying environmental 
variables on larval growth schedules. However, as discussed below, this appears unlikely. 
Instead, between-generation size differences seem to be attributable to anticipatory 351 
plasticity (i.e. induced in response to environmental cues) in larval growth schedules. 
 In particular, our results do not support the possibility that seasonal differences in 
growth trajectories leading to between-generation size differences are caused by a 354 
seasonal change in host plant quality (e.g. Hahn and Denlinger 2007). Phenological stage 
of the host plant had an influence on pupal weights, but only in one sex and not in the 
expected direction. More specifically, early season female larvae, despite having received 357 
food of presumably highest quality, matured at even smaller size than those reared on 
lower quality food in summer (Fig. 2). Nevertheless, the duration of larval period was 
approximately 20% shorter in the spring than in later on the season (Fig. 2), indicating 360 
that host quality was higher after all (c.f. Gebhardt and Stearns 1988, 1993; Tammaru 
1998; Esperk and Tammaru 2010). The higher quality of spring leaves is also supported 
by literature data (e.g. Schroeder 1986 for Prunus serotina) and, in the current study, by 363 
the higher larval mortality in the late-season trials. 
There are also several lines of evidence against the possibility that seasonal 
differences in growth schedules in I. podalirius are caused by seasonal variation in 366 
ambient temperature. In particular, for temperature to be the primary factor underlying 
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the between-generation size differences in I. podalirius, the following should be 
expected. First, there is typically high variation in ambient temperatures between the 369 
years (AEMET 2011a). A much more irregular pattern of body sizes than actually 
recorded (Fig. 1) should be the consequence. Second, daily average temperatures in the 
study area are more than 3ºC higher at the time of the larval period of the 2nd than that of 372 
the 1st directly developing generation (June-July vs. May-June; AEMET 2011b). As 
higher temperatures typically lead to smaller body sizes in insects (Atkinson 1994), 
individuals representing the 2nd directly developing generation should be smaller. Third, 375 
in natural populations of I. podalirius, part of the diapausing generation is the progeny of 
the 1st directly developing generation while another part is offspring of the 2nd directly 
developing generation (Table 1). During their larval period these groups are subjected to 378 
an average temperature difference of 4ºC (July-August vs. September-October AEMET 
2011b), which should translate into higher variation of adult size of the diapausing 
generation compared to the directly developing generation. However, none of these three 381 
expectations was supported by our results (see Tables 2 and 3; Fig. 1). 
The conclusion that the between-generation differences in growth schedules are 
attributable to anticipatory rather than responsive plasticity is further supported by our 384 
finding that directly developing individuals also grow larger under controlled laboratory 
conditions. As the only difference between our controlled simultaneous treatments was in 
the photoperiod, a typical cue used in adaptive decision-making in insects (e.g. Tauber et 387 
al. 1986), it appears straightforward to interpret the observed differences as representing 
anticipatory plasticity. Indeed, as the larvae of I. podalirius do not appear to have notable 
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circadian differences in feeding activity, the immediate effect of photoperiod does not 390 
appear as a likely alternative. 
 Perhaps the strongest argument against an immediate effect of photoperiod on 
growth schedules is the appearance of the size differences between the diapausing and 393 
directly developing individuals only very late in the last instar, i.e. at the time when the 
diapausing individuals had already stopped growing and started to lose weight (Fig. 4). 
Indeed, before that point the directly developing and diapausing individuals showed no 396 
differences in growth rates and durations of developmental phases. An immediate 
environmental effect could hardly cause this divergence in growth schedules as 
instantaneous growth rate is the parameter most likely to be affected under a responsive 399 
plasticity scenario. 
 As the evidence is strongly biased in favour of anticipatory rather than responsive 
plasticity, it is likely that seasonal differences in growth trajectories have an adaptive 402 
basis (c.f. Shapiro 1976; Brakefield and Frankino 2009). However, it remains to be tested 
whether size polyphenism may be adaptive per se (i.e. if the relationship between size 
and fitness differs seasonally), something which has been suggested for some other 405 
butterflies (Friberg and Karlsson 2010, Gotthard and Berger 2010). Nevertheless, the 
most likely ultimate reason for the between-generation differences in larval growth 
trajectories of I. podalirius appears to be related to the presence or absence of the 408 
overwintering stage in the future development of the insect. The crucial role of 
hibernation as such is supported by the fact that the two non-diapausing generations, both 
lacking overwintering stage, did not differ from each other in size while the diapausing 411 
one was an obvious outlier (Fig. 1). Indeed, surviving the adverse winter conditions 
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necessarily requires specific adaptations (Koštál 2006; Hahn and Denlinger 2007, 2011). 
In insects, initiation of diapause is preceded by a preparation phase and is often 414 
characterized by specific physiological processes, such as intensive accumulation of 
energetic reserves and cryoprotectants, and also by specialized behavioural patterns, like 
active search of and movement to localities suitable for overwintering (Tauber et al. 417 
1986; Leather et al. 1993; Hahn and Denlinger 2007, 2011).  
In I. podalirius, the exact nature of the physiological differences between 
overwintering and directly developing generations remains yet to be studied. 420 
Nevertheless, there are considerable between-generation differences in prepupal 
behaviour of the larvae. While directly developing larvae normally pupate on the host 
plants, larvae of the diapausing generation move away from the host  to pupate in the leaf 423 
litter (Table 1), most likely to avoid bird predation in winter (Stefanescu 2004). As a 
consequence, the time spent in the prepupal “wandering” phase (Dominick and Truman 
1984) of latter group is notably longer (Fig. 4; Stefanescu unpublished). Due to these 426 
behavioural differences, diapausing individuals are likely to lose more energy and body 
weight already prior to entering the diapauses, in addition to the perhaps inevitably higher 
energetic losses during the much longer pupal period itself (Scriber 1994; Friberg and 429 
Karlsson 2010; Friberg et al. 2011).  
Taking it together, this study suggests that a ‘simple’ explanation for between-
generation size difference as based on responsive plasticity is unlikely even for the 432 
species in which the individuals of the overwintering generation are of a smaller size. In 
particular, an adaptive character of the plastic difference appears intuitive in those species 
with overwintering individuals being larger than directly developing ones (Teder et al. 435 
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2010). However, it is rather straightforward to ascribe the small size of the individuals 
developing at the end of the season to an immediate effect of the suboptimal conditions 
they are faced with (e.g. Scriber and Slansky 1981; Van Asch and Visser 2007). This 438 
study implies that this is not necessarily the case and therefore indicates that the adaptive 
nature of the seasonal polyphenism in body size in insects may have a rather universal 
character. The question to be posed by forthcoming studies is thus whether there are any 441 
examples of regular among-generation differences which are primarily based on 
responsive plasticity. An aspect to be emphasized is the value of detailed monitoring of 
individual development because, as has been shown here, knowing when and how in the 444 
ontogeny the differences appear may provide relevant information. In particular, the fact 
that the among-generation differences in I. podalirius in body weight appear after the 
larvae have ceased feeding strongly points at an ‘adaptive decision’ rather than at an 447 
immediate effect of growing conditions (see Tammaru et al. 1999, for an analogous 
example on the duration of pupal period). Support for the adaptive character of a plastic 
change may thus be possible even when obtaining the most direct evidence, i.e. 450 
measuring fitness of different phenotypes in different conditions, is too complicated for 
practical reasons, as is the case for the highly mobile adults of many butterfly species.  
   453 
Acknowledgements 
We are grateful to Anu Tiitsaar, Freerk Molleman, Robert B. Davis, Juhan Javoiš and 
three anonymous referees for constructive comments on the manuscript. Kristiina 456 
Ehapalu, Jordi Jubany, Taavet Kukk, Aigi Margus, Kristin Markov, Marta Miralles, and 
Martin Sauk provided technical help. The municipal council of Sant Celoni provided all 
 21 
facilities to carry out the food quality experiment. The study was supported by the 459 
Estonian Science Foundation grants 7406, 8413 and 9294, the targeted financing project 
SF0180122s08, and by the European Union through the European Regional Development 
Fund (Center of Excellence FIBIR). 462 
 
 
 465 
 
 
 468 
 
 
 471 
 
 
 474 
 
 
 477 
 
 
 480 
 
 22 
References 
AEMET (Agencia Estatal de Meteorología). (2011a) Valores climatológicos 483 
extremos. Barcelona / aeropuerto, 1971-2000. 
http://www.aemet.es/es/elclima/datosclimatologicos/efemerides_extremos?o=007
6andm=13andv=PND%2CPDV%2CPDT%2CPMD%2CPMA%2CPMB%2CVM486 
X%2CTMX%2CTMMA%2CTMmB%2CTMA%2CTMB%2CTmn 
AEMET (Agencia Estatal de Meteorología) (2011b) Valores climatológicos 
normales. Barcelona / aeropuerto, 1971-2000. 489 
http://www.aemet.es/es/elclima/datosclimatologicos/valoresclimatologicos?l=007
6andk=cat 
Angilletta MJ, Dunham AE (2003) The temperature-size rule in ectotherms: simple 492 
evolutionary explanations may not be general. Am Nat 162:332-342 
Arendt JD (2011) Size-fecundity relationships, growth trajectories, and the temperature-
size rule for ectotherms. Evolution 65:43-51 495 
Atkinson D (1994) Temperature and organism size: a biological law for ectotherms? Adv 
Ecol Res 25:1–58  
Blanckenhorn WU (2009) Causes and consequences of phenotypic plasticity in body size: 498 
the case of the yellow dung fly Scathophaga stercoraria (Diptera: 
Scathophagidae). In: Whitman DW, Ananthakrishnan TN (eds) Phenotypic 
plasticity in insects. Mechanisms and consequences. Science Publishers, Einfield, 501 
pp 369-422 
 23 
Blau WS (1981) Life history variation in the black swallowtail butterfly. Oecologia 
48:116-222 504 
Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, White JS (2009) 
Generalized linear mixed models: a practical guide for ecology and evolution. Trends 
Ecol Evol 24:127–135 507 
Borges I, Soares AO, Magro A, Hemptinne JL (2011) Prey availability in time and space 
is a driving force in life history evolution of predatory insects. Evol Ecol 25:1307-
1319 510 
Brakefield PM (1996) Seasonal polyphenism in butterflies and natural selection. Trends 
Ecol Evol 11:275-277 
Brakefield PM, Frankino WA (2009) Polyphenisms in Lepidoptera: multidisciplinary 513 
approaches to studies of evolution and development. In: Whitman DW, 
Ananthakrishnan TN (eds) Phenotypic plasticity in insects. Mechanisms and 
consequences. Science Publishers, Einfield, pp 337-368 516 
Brakefield PM, Larsen TB (1984) The evolutionary significance of dry and wet season 
forms in some tropical butterflies. Biol J Linn Soc 22:1-12 
Canfield M, Greene E (2009) Phenotypic plasticity and the semantics of polyphenism: a 519 
historical review and current perspectives. In: Whitman DW, Ananthakrishnan 
TN (eds) Phenotypic plasticity in insects. Mechanisms and consequences. Science 
Publishers, Einfield, pp 65-80 522 
Dominick OS, Truman JW (1984) The physiology of wandering behaviour in Manduca 
sexta. I. Temporal organization and the influence of the internal and external 
environments. J Exp Biol 110:35-51 525 
 24 
Esperk T, Tammaru T (2004) Does the 'investment principle' model explain moulting 
strategies in lepidopteran larvae? Physiol Entomol 29:56-66 
Esperk T, Tammaru T (2010) Size compensation in moth larvae: attention to larval 528 
instars. Physiol Entomol 35:222-230 
Fischer K, Fiedler K (2001) Sexual differences in life-history traits in the butterfly 
Lycaena tityrus: a comparison between direct and diapause development. Entomol 531 
Exp Appl 100:325-330 
Friberg M., Karlsson B (2010) Life-history polyphenism in the Map butterfly (Araschnia 
levana): developmental constraints versus season-specific adaptations. Evol Ecol 534 
Res 12: 603-615 
Friberg M, Aalberg Haugen IM, Dahlerus J, Gotthard K, Wiklund C (2011) Asymmetric 
life-history decision-making in butterfly larvae. Oecologia 165:301-310 537 
Fric Z, Konvička M (2002) Generations of the polyphenic butterfly Araschnia levana 
differ in body design. Evol Ecol Res 4:1017-1032 
Gebhardt MD, Stearns SD (1988) Reaction norms for development time and weight at 540 
eclosion in Drosophila mercatorum. J Evol Biol 1:335–354 
Gebhardt MD, Stearns SD (1993) Phenotypic plasticity for life history traits in 
Drosophila melanogaster. I. Effect on phenotypic and environmental correlations. 543 
J Evol Biol 6:1–16 
Gotthard K, Berger D (2010) The diapause decision as a cascade switch for adaptive 
developmental plasticity in body mass in a butterfly. J Evol Biol 23:1129-1137 546 
Gotthard K, Nylin S (1995) Adaptive plasticity and plasticity as an adaptation: a selective 
review of plasticity in animal morphology and life history. Oikos 74:3-17 
 25 
Greene, E (1989) A diet-induced developmental polymorphism in a caterpillar. Science 549 
243:643-646  
Hadfield JD (2010) MCMC methods for multi-response generalized linear mixed models: 
the MCMCglmm R package. J Stat Softw 33: 1-22 552 
Hahn DA, Denlinger DL (2007) Meeting the energetic demands of insect diapause: 
nutrient storage and utilization. J Insect Physiol 53:760-773 
Hahn DA, Denlinger DL (2011) Energetics of insect diapause. Annu Rev Entomol 555 
56:103-121 
Hazel WN (2002) The environmental and genetic control of seasonal polyphenism in 
larval color and its adaptive significance in a swallowtail butterfly. Evolution 558 
56:342-348 
Hazel WN, Ante S, Stringfellow B (1998) The evolution of environmentally-cued pupal 
colour in swallowtail butterflies: natural selection for pupation site and pupal 561 
colour. Ecol Entomol 23:41-44 
Jones RE (1992) Phenotypic variation in Australian Eurema species. Aust J Zool 40: 371-
383 564 
Karlsson B, Johansson A (2008) Seasonal polyphenism and developmental trade-offs 
between flight ability and egg laying in a pierid butterfly. Proc R Soc B 275:2131-
2136 567 
Karlsson B, Wickman PO (1989) The cost of prolonged life: an experiment on a 
nymphalid butterfly. Funct Ecol 3:399-405 
Kimura T, Masaki S (1977) Brachypterism and seasonal adaptation in Orgyia thyellina 570 
Butler (Lepidotera, Lymantriidae). Kontyû 45:97-106 
 26 
Kingsolver JG, Huey RB (1998) Evolutionary analyses of morphological and 
physiological plasticity in thermally variable environments. Am Zool 38:545-560 573 
Kingsolver JG, Huey RB (2008) Size, temperature, and fitness: three rules. Evol Ecol Res 
10:251–268 
Koštál V (2006) Eco-physiological phases of insect diapause. J Insect Physiol 52:113-127 576 
Larsdotter Mellström H, Friberg M., Borg-Karlson A-K, Murtazina R, Palm M, Wiklund 
C (2010) Seasonal polyphenism in life history traits: time costs of direct 
development in a butterfly. Behav Ecol Sociobiol 64:1377-1383 579 
Leather SR, Walters KFA., Bale JS (1993) The ecology of insect overwintering. 
Cambridge University Press, Cambridge 
Littell RC, Milliken GA, Stroup WW, Wolfinger RD, Schabenberger O (2006) SAS for 582 
mixed models, 2nd edn. SAS Institute, Cary 
Liu ZD, Gong PY, Wu KJ, Wei W, Sun JH, Li DM (2007) Effects of larval host plants on 
over-wintering preparedness and survival of the cotton bollworm, Helicoverpa 585 
armigera (Hübner) (Lepidoptera: Noctuidae). J Insect Physiol 53:1016-1026 
Nealis VG (2012). The phenological window for western spruce budworm: seasonal 
decline in resource quality. Agric Forest Entomol, in press. 588 
Nelson RJ, Denlinger DL, Somers DE (eds) (2010) Photoperiodism: the biological 
calendar. Oxford University Press, Oxford 
Nijhout HF (1999) Control mechanisms of polyphenic development in insects - in 591 
polyphenic development, environmental factors alter some aspects of 
development in an orderly and predictable way. BioScience 49:181-192 
 27 
Nijhout HF (2003) Development and evolution of adaptive polyphenisms. Evol Dev 5:9-594 
18 
Ohgushi T (1996) Consequences of adult size for survival and reproductive performance 
in a herbivorous ladybird beetle. Ecol Entomol 21:47-55 597 
Pigliucci M (2001) Phenotypic plasticity: beyond nature and nurture. John Hopkins 
University Press, Baltimore 
Pinheiro J, Bates D, DebRoy S, Sarkar D, R Development Core Team (2012) nlme: linear 600 
and nonlinear mixed effects models. R package version 3.1-103. (http://www.R-
project.org) 
Rehan SM, Schwarz MP, Richards MH (2011) Fitness consequences of ecological 603 
constraints and implications for the evolution of sociality in an incipiently social 
bee. Biol J Linn Soc 103:57-67 
Remmel T, Tammaru T, Mägi M (2009) Seasonal mortality trends in tree-feeding insects: 606 
a field experiment. Ecol Entomol 34:98-106 
Rodrigues D, Moreira GRP (2004) Seasonal variation in larval host plants and 
consequences for Heliconius erato (Lepidoptera: Nymphalidae) adult body size. 609 
Aust Ecol 29:437-445 
Schroeder LA (1986) Changes in tree leaf quality and growth-performance of 
lepidopteran larvae. Ecology 67:1628–1636 612 
Scriber JM (1994) Climatic legacies and sex chromosomes: latitudinal patterns of 
voltinism, diapause, body size, and host-plant selection on two species of 
swallowtail butterflies at their hybrid zone. In: Danks HV (ed) Insect life-cycle 615 
 28 
polymorphism: theory, evolution and ecological consequences for seasonality and 
diapause control. Kluwer Academic, Dordrecht, pp 133-171 
Scriber JM, Slansky F Jr (1981) The nutritional ecology of immature insects. Annu Rev 618 
Entomol 26:183–211 
Shapiro AM (1976) Seasonal polyphenism. Evol Biol 9:259–333 
Stefanescu C (2004) Seasonal change in pupation behaviour and pupal mortality in a 621 
swallowtail butterfly. Anim Biodiv Cons 27:25-36 
Stefanescu C, Pintureau B, Tschorsnig HP, Pujade-Villar J (2003) The parasitoid 
complex of the butterfly Iphiclides podalirius feisthamelii (Lepidoptera: 624 
Papilionidae) in North-East Spain. J Nat Hist 37:379-396 
Stefanescu C, Jubany J, Dantart J (2006) Egg-laying by the butterfly Iphiclides podalirius 
(Lepidoptera, Papilionidae) on alien plants: a broadening of host range or 627 
oviposition mistakes? Anim Biodiv Cons 29:83-90 
Tammaru T (1998) Determination of adult size in a folivorous moth: constraints at instar 
level? Ecol Entomol 23:80–89 630 
Tammaru T, Esperk T (2007) Growth allometry of immature insects: larvae do not grow 
exponentially. Funct Ecol 21:1099–1105 
Tammaru T, Ruohomäki K, Saloniemi, I (1999) Within-season variability of pupal period 633 
in the autumnal moth: a bet-hedging strategy? Ecology 80: 1666-1677. 
Tanaka K, Tsubaki Y (1984) Seasonal dimorphism, growth and food consumption in the 
swallowtail butterfly Papilio xuthus. Kontyû 52:390-398 636 
Tauber MJ, Tauber CA, Masaki S (1986) Seasonal adaptations of insects. Oxford 
University Press, Oxford 
 29 
Teder T, Tammaru T (2005) Sexual size dimorphism within species increases with body 639 
size in insects. Oikos 108:321-334 
Teder T, Esperk T, Remmel T, Sang A, Tammaru T (2010) Counterintuitive size patterns 
in bivoltine moths: late-season larvae grow larger despite lower food quality. 642 
Oecologia 162:117-125 
Tolman T, Lewington R (2008) Collins butterfly guide. The most complete guide to the 
butterflies of Britain and Europe. HarperCollins, London 645 
Van Asch M, Visser ME (2007) Phenology of forest caterpillars and their host trees: the 
importance of synchrony. Annu Rev Entomol 52:37–55 
Van Dyck H, Wiklund C (2002) Seasonal butterfly design: morphological plasticity 648 
among three developmental pathways relative to sex, flight and thermoregulation. 
J Evol Biol 15:216-225 
Wang X, Yang Q, Zhou X, Zhao F, Lei C (2007) Effect of photoperiod associated with 651 
diapause induction on the accumulation of metabolites in Sericinus montelus 
(Lepidoptera: Papilionidae). Appl Entomol Zool 42:419-424 
West-Eberhard MJ (2003) Developmental plasticity and evolution. Oxford University 654 
Press, Oxford 
Whitman DW, Agrawal AA (2009) What is phenotypic plasticity and why is it 
important? In: Whitman DW, Ananthakrishnan TN (eds) Phenotypic plasticity in 657 
insects. Mechanisms and consequences. Science Publishers, Einfield, pp 1-63 
Wiklund C (1971) Inonhusodling av makaonfjärilen. Zool Revy 33:35-42 
 30 
Wiklund C, Nylin S, Forsberg J (1991) Sex-related variation in growth-rate as a result of 660 
selection for large size and protandry in a bivoltine butterfly, Pieris napi. Oikos 
60:241-250 
Windig JJ, Brakefield PM, Reitsma N, Wilson JGM (1994) Seasonal polyphenism in the 663 
wild: survey of wing patterns in five species of Bicyclus butterflies in Malawi. 
Ecol Entomol 19:285-298 
 666 
 
 
 669 
 
 
 672 
 
 
 675 
 
 
 678 
 
 
 681 
 
 31 
Figure legends 
Fig. 1 Body sizes of I. podalirius adults representing different generations. Symbols 684 
indicate mean (± 1SE) forewing lengths of wild-caught (a) male and (b) female adults 
compared to laboratory-reared individuals from the 2009 larval growth experiment. 
Letters indicate significant differences based on Tukey–Kramer post-hoc multiple 687 
comparison tests: groups marked with the same letter are not significantly different at the 
p = 0.05 level. Numbers stand for sample sizes. Plain error bars indicate within-year 
(1998-2001) variation in wing lengths of wild-caught individuals (mean ± 1SE). 690 
 
Fig. 2 Mean (± 1SE) pupal weights and durations of larval periods in the food quality  
experiment for (a) males and (b) females, all reared under long day conditions. Values are 693 
corrected for the effect of brood (nested within trial using SAS, PROC MIXED, least 
square means option, Littell et al. 2006). Letters indicate significant differences based on 
Tukey–Kramer post-hoc multiple comparison tests (a-b for pupal weight, c-d for duration 696 
of larval period). Groups marked with the same letter are not significantly different at the 
p = 0.05 level. Numbers indicate sample sizes. 
 699 
Fig. 3 Growth curves of (a) male and (b) female larvae in the two photoperiodic 
treatments, as based on mean weights (± 1 SE) on the second, third and final day of each 
instar and on mean durations of instars (± 1 SE). Results of the 2008 and 2009 larval 702 
growth experiments have been pooled. Vertical lines indicate moults, Roman numerals 
stand for instars and ‘P’ indicates pupation. Significant differences between the 
photoperiodic treatments in weights of particular days and durations of instars are marked  705 
 32 
with asterisks.  
 
Fig. 4 Growth curves (mean weight of particular day ± 1 SE) of (a) male and (b) female 708 
5th instar larvae in two photoperiodic treatments (experiment of 2009). ‘Max’ indicates 
the maximum weight of the larvae and ‘P’ stands for pupation. Significant differences 
between the photoperiodic treatments are marked with asterisks. 711 
Table 1. Characteristics of I. podalirius  generations in the study area (Catalonia, Spain).
Generation Pupal 
diapause
Facultative Preceding 
generation
Appearance Flight Larval period Prepupal behaviour Adult 
abundance
Diapausing Yes No 1st or 2nd 
directly 
developing 
Small adults with darker 
wings; brown pupae 
ooooooooooooo
April & May July & August or 
September & October 
oooooooooooooo
Long wandering phase; 
pupation in leaf litter 
ooooooooooo
Medium
1st directly 
developing
No No Diapausing
Large adults with paler 
June & July May & June
Short wandering phase;  
High
2nd directly 
developing
No Yes 1st directly 
developing
 wings; green pupae August & 
September 
June & July pupation on host plant Low
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Females
Effect d.f. r 2  (%) F P d.f. r 2  (%) F P d.f. r 2  (%) F P
(G)eneration 1 9.8 149.2 < 0.0001 1 19.5 74.6 < 0.0001 1 24.8 60.8 < 0.0001
(Y)ear 3 0.5 2.3 0.07 3 0.3 0.4 0.8 3 1.5 1.3 0.3
(S)ex 1 19.5 297.0 < 0.0001
G*Y 2 0.02 0.2 0.8 2 0.7 1.3 0.3 2 0.5 0.7 0.5
S*Y 3 0.3 1.5 0.2
S*G 1 0.7 11.1 0.001
Error 424 27.8 273 71.2 149 60.8
b - 1998-2001
Table 2. Results of linear model (based on type 3 sums of squares) for the effects of generationa and yearb on the adult forewing 
length in wild-caught sample. See Fig. 1 for sample sizes. 
Sexes pooled Males
a - Diapausing vs directly developing (1st and 2nd directly developing generation pooled) individuals 
 
 
 
 
 
 
 
 
 
 
 
 
Females
Effect d.f. r 2  (%) F P d.f. r 2  (%) F P d.f. r 2  (%) F P
(G)eneration 1 6.3 128.7 < 0.0001 1 7.9 48.8 < 0.0001 1 30.1 73.0 < 0.0001
(O)rigin 1 12.1 249.6 < 0.0001 1 23.0 142.1 < 0.0001 1 20.8 99.1 < 0.0001
(S)ex 1 24.1 495.7 < 0.0001
G*O 1 0.3 6.3 0.01 1 0.003 1.8 0.2 1 0.01 4.6 0.03
S*G 1 0.7 14.5 0.0002
S*O 1 0.06 1.3 0.3
Error 530 25.8 327 53.0 202 42.5
Males
Table 3. Results of linear model (based on type 3 sums of squares) for the effects of generationa, originb on the adult forewing 
length. See Fig. 1 for sample sizes. 
a - Diapausing vs directly developing (1st and 2nd directly developing generation pooled) individuals 
b - Wild caught (4 years data pooled) vs lab-reared adults (2009 larval growth experiment)
Sexes pooled
 
 
 
 
 
 
 
 
 
 Treatment na Weight Duration (days) Growth ratesb
Premoult Maximal Pupal Entire instar Positive growth 
phasec
Negative growth 
phased
Instantaneouse Positive growth 
phase
LDf 104 284.1±3.1(ns)h — 798.3±7.2*** 13.8±0.2*i — — 0.54±0.02(ns) —
SDg 114 283.7±3.1 — 739.5±7.1 14.3±0.5 — — 0.56±0.02 —
2008 LD 28 275.7±7.3(ns) — 783.9±21.5* 13.4±0.5** — — 0.55±0.07(ns) —
SD 26 268.6±7.2 — 718.2±21.2 14.8±0.5 — — 0.54±0.07 —
2009 LD 76 281.6±3.5(ns) 1141.0±12.5** 806.5±7.7*** 14.3±0.3(ns) 9.6±0.2+ 4.7±0.1*** 0.54±0.02(ns) 0.42±0.01(ns)
SD 88 284.1±3.4 1084.0±12.3 747.4±7.6 14.5±0.3 9.1±0.2 5.4±0.1 0.57±0.02 0.41±0.01
c - From moult to achievement of maximal body weight
g - Short day (12L:12D), inducing diapausing generation 
h - Significance level (long day treatment compared with the short day treatment): not significant (ns), P > 0.1; +, P < 0.1; ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001.
i - Year*treatment interaction had significant effect in the model
Table 4. Comparison of growth parameters (mean±SE) of the final (5th) instar I. podalirius  larvae in larval growth experiment. All values are corrected for sex 
(ANOVA, least square means), 2008 trial values are corrected for brood  and years-pooled dataset is corrected for year.
a - Number of succesfully pupated individuals
b - Calculated as: (weight at the end of the phase1/3 – weight at the end of the previous phase1/3)/duration of the phase
e - Second day of the instar
f - Long day (18L:6D), inducing directly developing generation 
Year
Years 
pooled
d - From achievement of maximal body weight to pupation
   
 
 
 
 
 
 
 
Fo
re
w
in
g 
le
ng
th
 (m
m
)
34
35
36
37
38
39
wild
lab
a
b
a
c
d
18
28
176
86
23
37
39
41
43
45
Diapausing 1st directly 
developing
2nd directly 
developing
Generation
wild
lab a
b b
c
a
17
31
101
39
19
Fig. 1a 
Fig. 1b 
  
 
P
up
al
 w
ei
gh
t (
m
g) 700
730
760
790
820
850
880 spring
summer
autumn
25  
9  
6  
a  
a  
a  
c  
d  
d  
1000
1050
1100
1150
1200
1250
23 26 29 32 35 38
Duration of larval period (days)
spring
summer
autumn
26  
8  
8  
a  
b  
a, b  
c  
d  
d  
Fig. 2a 
Fig. 2b 
 
 
 
 
W
ei
gh
t (
m
g) 0
150
300
450
600
750
900
long day
short day
I II 
III 
IV 
V 
P  
*  
**  
***  
**  
I I 
I 
I 
0
150
300
450
600
750
900
0 7 14 21 28 35 42
Development time (days)
long day
short day
P   
I 
II 
III 
IV 
V 
***  
*  
I 
I 
I 
I 
Fig. 3a 
Fig. 3b 
 
 
 
 
 
 
W
ei
gh
t (
m
g)
200
400
600
800
1000
1200
1400
long day
short day
long day max
short day max
P   
Max  
* 
* 
***  
*  
***  
200
400
600
800
1000
1200
1400
0 3 6 9 12 15 18
Time since moulting to the 5th instar (days)
long day
short day
long day max
short day max
P  
Max  * 
* 
***  
**  
Fig. 4a 
Fig. 4b 
